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The activity of the serotonin receptor 2C is regulated by 
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Abstract
The central nervous system-specific serotonin receptor 2C (5HT2C) controls key physiological 
functions, such as food intake, anxiety and motoneuron activity. Its deregulation is involved in 
depression, suicidal behavior, and spasticity, making it the target for antipsychotic drugs, appetite 
controlling substances, and possibly anti-spasm agents. Through alternative pre-mRNA splicing 
and RNA editing, the 5HT2C gene generates at least 33 mRNA isoforms encoding 25 proteins. 
The 5HT2C is a G-protein coupled receptor that signals through phospholipase C, influencing the 
expression of immediate/early genes like c-fos. Most 5HT2C isoforms show constitutive activity, 
i.e. signal without ligand binding. The constitutive activity of 5HT2C is decreased by pre-mRNA 
editing as well as alternative pre-mRNA splicing, which generates a truncated isoform that 
switches off 5HT2C receptor activity through heterodimerization; showing that RNA processing 
regulates the constitutive activity of the 5HT2C system. RNA processing events influencing the 
constitutive activity target exon Vb that forms a stable double stranded RNA structure with its 
downstream intron. This structure can be targeted by small molecules and oligonucleotides that 
change exon Vb alternative splicing and influence 5HT2C signaling in mouse models, leading to a 
reduction in food intake. Thus, the 5HT2C system is a candidate for RNA therapy in multiple 
models of CNS disorders.
Overview
Serotonin is an important neurotransmitter, both in the central nervous system and the 
periphery. There are 14 distinct receptors for serotonin, of which 13 couple to G-proteins 
and one is a ligand gated ion channel. Depending on the subtype, the receptors couple to G-
alphai, G-alphaq11 or G-alphas and with one exception (5HT5b) are expressed in the brain, 
where they regulate various functions, such as appetite, mood, and sleep cycles making them 
important pharmaceutical drug targets (McCorvy and Roth 2015).
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A well studied receptor subtype is the serotonin receptor 2C (5HT2C), a seven 
transmembrane, G-protein coupled receptor that is involved in regulating key brain functions 
including food intake, anxiety, stress response and sleep (Heisler et al. 2007; Mongeau et al. 
2010; Monti 2011; Tecott et al. 1995). A deregulation of 5HT2C receptors is seen in 
depression (Martin et al. 2014), schizophrenia (Castensson et al. 2005; Castensson et al. 
2003), suicidal behavior (Gurevich et al. 2002a), and spinal cord injury (Murray et al. 2010) 
in humans as well as in mouse models of obesity (Schellekens et al. 2012). The 
understanding of 5HT2C’s role in appetite control resulted in the development of 
Lorcarserin, an approved drug for the short-term treatment of obesity, which enhances the 
activity of the 5HT2C receptor (Greenway et al. 2016). A large number of antipsychotic 
drugs used to treat depression, anxiety, and schizophrenic disorders interact with the 5HT2C 
(Chagraoui et al. 2016; Martin et al. 2014), which contributes to the drug’s efficacy, but 
frequently causes weight gain as a major side effect (Shams and Muller 2014). Based upon 
its constitutive expression in motoneurons after spinal cord injury (Murray et al. 2010), 
targeting the 5HT2C spinal cord system may hold great potential for combating uncontrolled 
muscle spasms.
I. Processing of 5HT2C pre-mRNA
The activity of the 5HT2C system is controlled to a large degree by pre-mRNA processing. 
The 5HT2C pre-mRNA undergoes pre-mRNA splicing, which generates a truncated receptor 
(5HT2C_tr) and pre-mRNA editing, generating 24 full-length receptor protein isoforms 
(5HT2C_Fl). Most of the full-length receptors are constitutively active, i.e. they signal 
without the serotonin ligand. This constitutive activity is decreased by the changes in amino 
acids caused by editing (Berg et al. 2001). In contrast to the well-studied 5HT2C editing, the 
importance of the truncated 5HT2C_tr receptor generated by alternative splicing has 
emerged only recently. The truncated receptor isoform is located intracellularly and 
decreases receptor signaling through hetero-dimerization with the full-length receptor 
(Martin et al. 2013; Zhang et al. 2016). Thus, alternative splicing and RNA editing regulate 
the constitutive activity of the 5HT2C system. The ratio between truncated and full-length 
receptors can be manipulated through oligonucleotides, allowing selective modulation of 
5HT2C receptor activity. Herein, we review the splicing and editing regulation of the 
5HT2C, their influence on the encoded proteins, and highlight diseases/pathologies that 
could be targeted by modulating the pre-mRNA processing of the 5HT2C. It is important to 
note that, prior to 1992, initial pharmacological characterization of the 5HT2C receptor 
classified it as 5HT1C instead of the current 5HT2C nomenclature (Humphrey et al. 1993).
Gene structure
The 5HT2C gene is located on chromosome X and spans at least 326 kb. Intron V is 
unusually large, spanning at least 326 kb. The gene contains six exons and hosts four 
miRNAs in intron II. The first three exons are expressed in all cell types tested, but exons 
IV–VI are neuron-specific, suggesting a termination signal in intron III that is silenced in 
neurons. 5HT2C proteins are thus only expressed in neurons, as the start codon is located in 
exon III. In contrast, the four miRNAs are ubiquitously expressed, though their targets are 
unknown (Zhang et al. 2013), (Figure 1A). The neuronal pre-mRNA containing exons I–VI 
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undergoes both RNA editing and alternative pre-mRNA splicing of exon Vb. Exon V 
contains a proximal and distal splice site defining alternative exon Vb. Alternative splicing 
generates two classes of RNAs: RNA1 lacking exon Vb and RNA2 including exon Vb 
(Figure 1B). The core of the splicing regulation is a pre-mRNA structure formed by exon Vb 
and intron V (Figure 1C) that was determined in vitro using SHAPE (Selective 2′-hydroxyl 
acylation analyzed by primer extension) analysis (Shen et al. 2013). This RNA structure 
contains the two regulated splice sites and the five Adenosine->Inosine (A->I) editing sites.
Pre-mRNA editing
The A->I editing is catalyzed by ADARs (adenosine deaminase acting on RNA), enzymes 
that require double stranded RNA as a substrate, which strongly suggests that a dsRNA 
structure likely similar to the one determined in vitro also forms in vivo. Since Intron V is 
part of this dsRNA structure, the ADAR substrate is most likely the pre-mRNA. 
Transfection studies showed that use of the proximal splice site is the default splicing 
pathway in cultured cells (Flomen et al. 2004; Kishore and Stamm 2006) resulting in 
predominant exon Vb skipping. However, when the RNA editing sites are mutated from 
adenine to guanine, where guanine resembles the deamination product inosine, a strong 
activation of the distal splice site and inclusion of exon Vb is observed in non-neuronal cells 
upon transfection of A->G mutant constructs (Flomen et al. 2004). Thus RNA editing 
promotes exon Vb inclusion, possibly by changing the pre-mRNA secondary structure of 
exon Vb, as the resulting U:I base pairs are energetically weaker than the original U:A base 
pairs, which is especially significant when the U:I pairs are clustered, as in sites A, B, E, C 
(Serra et al. 2004). RNA editing changes the sequence of the RNA at five positions, leading 
to 25 = 32 mRNA isoforms. Collectively, these RNA isoforms including exon Vb are 
referred to as RNA2 (Figure 1B). Since inosine is read as a guanosine by the ribosome, the 
editing changes the amino acid composition at three sites, resulting in 3 × 4 × 2 = 24 
different proteins encoded by RNA2 (see also Figure 2E).
Alternative splicing
Exon Vb not only undergoes pre-mRNA editing, but it is also alternatively spliced. The 
RNA generated by exon Vb skipping is called RNA1 (Figure 1B). Skipping of exon Vb 
causes a frameshift and usage of an early stop codon in exon VI generates a truncated 
protein (5HT2C_tr) that contains only three transmembrane domains. Since the stop codon 
is located in the last exon, the mRNA escapes nonsense-mediated decay and both the 
truncated protein and RNA1 can be detected in brain using an antiserum against the 
5HT2C_tr-specific C-terminus (Zhang et al. 2016). Exon Vb shares an 18 nucleotide perfect 
base complementarity with SNORD115, a neuron-specific C/D box snoRNA. C/D box 
snoRNAs (SNORDs) are a highly expressed class of non-coding RNAs (60–300 nt in 
length) that accumulate in the nucleolus. About half of the known SNORDs work in rRNA 
processing, either by guiding the methylase fibrillarin to rRNA or by guiding the cleavage of 
pre-rRNAs. SNORD115 forms non-methylating ribonuclear protein complexes containing 
hnRNPs but lacking the methylase fibrillarin. Thus upon binding to exon Vb, SNORD115 
acting in a non-methylating SNORD-complex promotes exon Vb inclusion (Falaleeva et al. 
2017), (Kishore and Stamm 2006). SNORD115 is expressed in most brain regions, but is 
excluded from the choroid plexus, a brain structure lining the ventricles that generates 
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cerebrospinal fluid (Kishore and Stamm 2006). Similarly, exon Vb is predominantly 
included in all brain areas, but is not used in the choroid plexus, supporting the physiological 
role of SNORD115 in promoting exon Vb inclusion (Kishore and Stamm 2006). Thus, due 
to pre-mRNA splicing and editing, a total of 25 proteins (24 full length and one truncated 
isoform) and 33 mRNAs and four miRNAs are generated from the 5HT2C gene.
Regulation of RNA editing
The dsRNA region formed by exon Vb and intron V is the substrate for ADAR (adenosine 
deaminase acting on RNA) enzymes, proteins that bind to dsRNA and deaminate adenosine 
residues (Deffit and Hundley 2016), resulting in changing adenosine residues to inosine (A-
>I editing). The comparison of cDNA to genomic DNA showed five editing sites in exon 
Vb, termed A, B, E, C, D, (the E site is also referred to as C′ site). Sites A, B and D are 
highly edited compared to sites C and E (Hartner et al. 2004). The usage of the editing sites 
is coordinated, for example the editing states of site A and B depend on each other (Carmel 
et al. 2012). This reflects the analysis of ADAR mouse knock outs suggesting that sites A 
and B are predominantly edited by ADAR1, the D and C sites by ADAR2 and the E site by 
both enzymes (Hartner et al. 2004). In vitro editing experiments showed that the loop 
opposite the SNORD115 binding site is needed for the correct placement of ADAR and thus 
for the recognition of the editing sites (Fukuda et al. 2015). This loop also binds to synthetic 
cyclic peptides, known as helix-threading peptides (HTP) (Schirle et al. 2010), suggesting 
that it is part of a defined 3-dimensional structure (Figure 1D). ADAR2 stably binds Inositol 
hexakisphosphate (IP6) in the enzyme core and IP6 is required for ADAR2’s activity 
(Macbeth et al. 2005). 5HT2C couples to a heterotrimeric G-protein containing Gq/11 that 
generates phospholipase C and IP3, which can be converted to IP6. It is thus possible that 
feedback between 5HT2C activity and 5HT2C editing occurs (Schmauss et al. 2010).
Regulation of alternative splicing
Similar to 5HT2C editing, the regulation of alternative splicing is based on the dsRNA 
structure. The RNA elements in exon Vb regulation were determined by transfection 
experiments. In these experiments, RNA editing was mimicked by A->G substitutions, as 
the guanosine resembles Inosine base pairing. A->G base changes of single sites slightly 
promoted exon Vb inclusion with site E having the strongest effect. However, substitutions 
at two or more sites strongly activated exon Vb inclusion. Deletion analysis further showed 
that the 3′ stem (Figure 1D) is important in suppressing the distal splice site, as its removal 
leads to a strong activation (Flomen et al. 2004).
Transfection experiments that tested numerous splicing factors for their effect on 5HT2C did 
not have a strong effect on exon Vb inclusion (Kishore and Stamm 2006). However, a C/D 
box snoRNA (SNORD) has been identified that binds to the regulated dsRNA structure. This 
RNA, SNORD115, previously named HBII-52, is a major activator for exon Vb. To gain 
insight into the underlying mechanism, SNORD115 was further characterized. In humans, 
there are 47 highly similar SNORD115 copies. Similar to other C/D box snoRNAs, 
SNORD115 is localized in an intron, surrounded by two exons.
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SNORD-RNPs are generated in a multistep assembly pathway, where SNORDs form a 
SNORD-RNP containing NHP2L1 (15.5k, SNU13), NOP56, NOP58 and fibrillarin. In this 
complex, the SNORD binds to a target RNA, allowing for methylation 5 nt upstream of the 
D box by the methylase fibrillarin (Falaleeva et al. 2017).
SNORD115 does not follow this classical model, which was determined upon analysis of the 
RNAs made from SNORD115-expressing units, composed of two exons flanking an intron 
containing SNORD115. RNase protection analysis showed that these units expressed shorter 
SNORD115-RNAs, termed psnoRNAs for processed snoRNAs (Kishore et al. 2010; Shen et 
al. 2011). Such shorter SNORDs have been described for SNORD116, SNORD113, -114 
families as well as SNORDs- 50, 19, 32B, 123, 111, 72 93, 23 and 85 (Jorjani et al. 2016; 
Shen et al. 2011). Furthermore, SNORD115 associates mainly with hnRNPs and forms 
variable protein complexes in sucrose gradients (Kishore et al. 2010; Soeno et al. 2010). 
Thus SNORD115 acts not in a traditional snoRNP containing fibrillarin, NOP56, NOP58 
and NHP2L1, but rather as an RNA stabilized by hnRNPs.
Since exon Vb is part of a stable dsRNA structure, a screen for substances that activate this 
exon was performed, giving further insight into the splicing regulation (Shen et al. 2013). 
The screen identified pyrvinium pamoate (PP), a drug that binds to double stranded nucleic 
acids, with a greater propensity to dsRNA. SHAPE and CD spectrum analysis showed that 
pyrvinium pamoate binds directly to the regulated RNA region and changes its structure. 
Without pyrvinium pamoate, the distal splice site is in a predominantly double stranded 
conformation that blocks U1 binding. Pyrvinium pamoate opens up this structure, and U1 
binding increases, which leads to selection of the distal splice site and inclusion of exon Vb 
(Shen et al. 2013).
It is thus likely that SNORD115 causes a structural change of the regulated dsRNA region, 
which activates the distal splice site. The SNORD115 binding site partially overlaps with the 
ADAR binding sites, suggesting that both molecules compete for exon Vb binding in the 
5HT2C-pre-mRNA.
II. Proteins made from the 5HT2C gene
The 5HT2C pre-mRNA generates two classes of proteins: a truncated receptor 5HT2C_tr 
encoded by RNA1 and the full-length receptors, 5HT2C_Fl encoded by RNA1 (Figure 2A, 
B). The full-length receptors can either be non-edited (5HT2C_FL_INI), having the amino 
acids INI at the editing sensitive sites, or be edited to form one of 23 edited receptors, 
5HT2C_Fl_ed (Figure, 2E).
Full-length receptor
5HT2C_Fl are seven transmembrane receptors that couple to heterotrimeric G proteins 
containing Gq/11 and activate the phospholipase C beta (PLCbeta) signaling pathway. 
PLCbeta cleaves Phosphatidylinositol 4,5-bisphosphate to inositol trisphosphate (IP3), 
which increases intracellular calcium levels, as well as diacylglycerol, which activates 
protein kinase C (PKC). PKC induces immediate/early genes and also phosphorylates ion 
channels. In addition, 5HT2C signals through Gq/13, which activates phospholipase A2 
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(PLA2), which releases arachidonic acid and activates cGMP via nitric oxide (Berg et al. 
1998). The site of G-protein coupling is the intracellular second transmembrane domain 
where three amino acids are changed by RNA editing. The amino acid changes caused by 
RNA editing decrease the affinity of the heterotrimeric G proteins, which is lowered by 
RNA editing (Burns et al. 1997b). The active receptor is a likely a dimer, but higher order 
structures can be detected (Herrick-Davis 2013). The full-length receptors shuttle between 
intracellular membranes and the cell surface and these trafficking properties are altered by 
editing as well (Burns et al. 1997a; Herrick-Davis et al. 1999a; Wang et al. 2000) (Figure 
2D).
All 5HT2C full-length receptors contain a PDZ-ligand motif in their C-terminus that binds 
to at least seven different PDZ domain containing proteins. The 5HT2C_FL receptor shares 
75% sequence identity with the 5HT2A receptor and both receptors are pharmacologically 
similar. However, both receptors bind to different PDZ domain containing proteins, with 
SAP102 specific for the 5HT2C (Becamel et al. 2004).
An important property of the 5HT2C full-length receptors is their constitutive activity, i.e. 
the activity without ligand. The receptors fluctuate between an inactive and an active 
conformation with ligands stabilizing the active conformation, increasing the overall activity. 
The non-edited 5HT2C_Fl_INI shows the highest constitutive activity, which is decreased 
by editing, with 5HT2C_FL_VGV showing no constitutive activity (Niswender et al. 1999), 
(Figure 2E). Thus RNA editing has two effects: it increases the amount of full-length 
receptors due to activation of exon Vb and it decreases their constitutive activity.
Truncated receptor
The truncated receptor 5HT2C_tr generated through skipping of exon Vb contains only the 
first three transmembrane domains that are identical to the full-length receptors. Due to the 
frameshift caused by exon Vb skipping, it lacks the second intracellular loop (Figure 2A) 
and differs from the full-length receptors in its C-terminus. Whereas the first three 
transmembrane domains are evolutionary highly conserved, there are large species 
differences in the C-termini. For example, in mouse the C-terminus contains 19 amino acids, 
but it is 96 amino acids long in humans. Due to the lack of the second transmembrane 
domain, the 5HT2C_tr cannot couple to a G protein and does not activate phospholipase C 
(Martin et al. 2013). 5HT2C_tr is localized in internal membranes, likely the endoplasmic 
reticulum (ER) and is not detectable at the plasma membrane (Martin et al. 2013; Zhang et 
al. 2016) (Figure 2C). The 5HT2C_tr protein is expressed in the brain and can be extracted 
from internal membranes, supporting the idea that results from transfection studies are 
physiologically relevant. In contrast to the full-length receptor, the truncated receptor does 
not contain a PDZ-ligand sequence, which could contribute to the differences in membrane 
association and localization between the full-length and truncated receptors (Zhang et al. 
2016).
(Hetero)dimerization of serotonin receptors
Similar to other seven transmembrane receptors, the 5HT2C_FL forms dimers (Herrick-
Davis et al. 2004) at the plasma membrane. These dimers originate during 5HT2C’s 
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synthesis in the endoplasmic reticulum (Herrick-Davis et al. 2006). Disulfide trapping 
experiments, based on the rhodopsin structure showed that 5HT2C forms two types of 
dimers: one dimer class is formed through interactions between transmembrane region 1 
(TM1) and the second class shows interaction between TM4 and TM5. Ligand binding does 
not change the structure in dimers between TM1 domains, but changes the structure of only 
one of the protomers in the TM4–TM5 dimer, suggesting that upon activation, TM4–TM5 is 
a conformational heterodimer (Mancia et al. 2008).
Importantly, there is heterodimerization between the 5HT2C_FL and 5HT2C_tr receptors. It 
is possible that this heterodimerization is mediated by the TM1 domains, present in both 
proteins. Reflecting the strict intracellular localization of 5HT2C_tr, the heterodimer 
between 5HT2C_tr and 5HT2C_FL is localized in the endoplasmic reticulum. Transfection 
experiments showed that 5HT2C_tr stops 5HT2C_fl signaling, measured by a dose-
depended decrease in diacylglycerol synthesis (Martin et al. 2013). Thus the function of the 
5HT2C_tr truncated isoform is to stop the constitutive activity of the full-length receptor, 
either through sequestration inside the cell or through changing the 5HT2C homodimer 
formation necessary for coupling to the Gq/11 heterotrimer (Figure 3B).
In addition to the interaction with the 5HT2C_tr, the full-length receptor heterodimerizes 
with the ghrelin receptor GHSR1a, leading to a decrease of ghrelin’s orexigenic effect 
(Schellekens et al. 2015). Since 5HT2C_tr also binds to the 5HT2C_FL, the truncated 
isoform might indirectly influence other receptor systems.
Thus, the properties of the 5HT2C signaling system are strongly influenced by pre-mRNA 
processing events, leading to proteins with different signaling properties. Alternative 
splicing is used to switch off the constitutive activity of full-length receptor isoforms.
III. Function of serotonin receptors under physiological and 
pathophysiological conditions
Control of food intake
The mechanistically best-understood function of the 5HT2C is the regulation of food intake 
(Berglund et al. 2014; Cone 2005) through 5HT2C action in pro-opiomelanocortin (POMC) 
neurons in the hypothalamus (Figure 3A). Serotonin binding to 5HT2C leads to the 
dissociation of a heterotrimeric G protein that binds to the second intracellular loop of 
5HT2C. Upon dissociation, the alpha subunit Gq11, activates phospholipase C, generating 
IP3 and diacylglycerol (DAG), which activates Protein Kinase C (PKC). PKC activates the 
extracellular regulated kinase (ERK) pathway, leading to the phosphorylation of c-fos. C-fos 
activation leads to POMC synthesis. POMC is processed into alpha-melanocyte stimulating 
hormone (alpha-MSH) that activates neurons in the paraventricular nucleus (PVN) via 
melanocortin 4 receptors. Activation of PVN neurons induces satiety, i.e. cessation of eating 
as an anorexic response. Knock-out mice lacking the 5HT2C receptor thus exhibit 
hyperphagia and are obese (Tecott et al. 1995), whereas activation of the 5HT2C receptor via 
an agonist such as the FDA approved drug, lorcaserin, inhibits food intake (Shukla et al. 
2015). The activity of the 5HT2C is regulated through the ratio of the truncated to full-
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length receptor, since an increase in the truncated receptor sequesters the full-length receptor 
intracellularly, decreasing 5HT2C signaling (Martin et al. 2013; Zhang et al. 2016) (Figure 
3B). In addition, the editing status of the full-length receptors is important for the signaling 
of POMC-neurons, as overexpression of fully-edited receptors result in hyperphagia in mice, 
suggesting an impaired activity of POMC neurons (Morabito et al. 2010). As described 
above, SNORD115 promotes the formation of the non-edited full-length receptors and 
ADAR induces the formation of the edited full-length receptors. Thus food intake is 
regulated in part by RNA processing of the 5HT2C.
Prader-Willi syndrome (PWS)
Prader-Willi syndrome (PWS) is one of the most frequent genetic causes of morbid obesity 
and intellectual disability in humans. PWS subjects have short stature, severe hypotonia at 
birth, genital hypoplasia and characteristic facial features (Driscoll et al. 2016). PWS has a 
frequency of about 1:10,000 individuals and is caused by loss of paternal allele expression at 
an imprinted region on chromosome 15q11.2-q13.1. The imprinted region missing in PWS 
is expressed only from the paternal allele and contains five protein-coding genes (MKRN3, 
MAGEL2, NECDIN, SNURF-SNRPN, NPAP1/C15orf2) and six orphan C/D box snoRNAs 
(SNORDs): 107, 64, 108, 109, 116 (29 copies falling into five classes) and 115 (47 almost 
identical copies) (Cavaille 2017). As described above, SNORD115 regulates splicing of the 
serotonin receptor 2C (5HT2C) by promoting exon Vb inclusion (Kishore and Stamm 2006; 
Zhang et al. 2016), though the targets and functions of the other SNORDs absent in PWS are 
unknown. Mice overexpressing SNORD115 show autistic features (Nakatani et al. 2009), 
illustrating that SNORD expression levels must be under tight control to prevent disease. A 
knock out model for PWS lacking all SNORDs, including SNORD115, shows an increase of 
the 5HT2C_tr receptor isoform in POMC neurons (Garfield et al. 2016), as predicted from 
earlier transfection studies showing that SNORD115 promotes exon Vb inclusion (Kishore 
and Stamm 2006). The increase of the 5HT2C_tr in POMC neurons stops the anorexic 
response of these animals, as they do not induce efficiently c-fos after 5HT2C stimulation 
(Garfield et al. 2016) (Figure 3A). The loss of this signal leads likely to hyperphagia 
characteristic for PWS. Thus, in Prader-Willi syndrome, an increase of the truncated 5HT2C 
isoform likely reduces the serotonin response through heterodimerization with the 
5HT2C_FL forms, blocking the satiety response (Figure 3B). A characteristic feature of 
babies with PWS is their low muscle tone (Driscoll et al. 2016), which could also indicate a 
deregulation of the 5HT2C system that activates motoneurons.
Role of the 5HT2C in the spinal cord
Serotonin is important for regulating muscle tone through its actions in the spinal cord, 
which receives serotoninergic projections from the rostral ventromedial medulla, as well as 
the brainstem raphe nuclei (Jacobs et al. 2002). Normally, brainstem-derived serotonin sets 
spinal motoneurons and interneurons into an excitable state, ready to respond to fast 
glutamate synaptic inputs and causes appropriate muscle contractions by activating 5HT2C 
receptors that facilitate ionic currents intrinsic to the motoneurons, including voltage-gated 
persistent Ca2+ and Na+ currents (termed persistent inward currents: PICs) (Jacobs et al. 
2002; Murray et al. 2010; Perrier and Delgado-Lezama 2005; Rekling et al. 2000). Such 
PICs have low thresholds to both amplify and prolong the action of synaptic inputs, 
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ultimately enabling sustained muscle contractions (Carlin et al. 2000; Harvey et al. 2006a; 
Li et al. 2004).
5HT2C-mediated spasticity after spinal cord injury
In addition to resulting paralysis and loss of sensation of upper or lower extremities, spinal 
cord injury (SCI) often manifests in secondary abnormal spinal reflexes that can 
significantly affect quality of life. Importantly, it can induce debilitating muscle spasms 
below the injury level characterized by involuntary contraction of muscles in response to 
either a stretch or painful stimulus (Rabchevsky and Kitzman 2011; Rabchevsky et al. 2012; 
Walter et al. 2002). Shortly after SCI, motoneurons caudal to the injury are in an unexcitable 
state, resulting in paralysis, areflexia and hyporeflexia (spinal shock). A few weeks after 
injury, however, these changes reverse to hyperreflexia, concomitant with hyperexcitability 
of spinal cord motoneurons, leading to exaggerated cutaneous reflexes and spasticity in the 
chronic phase of the injury (Nielsen et al. 2007; Rabchevsky and Kitzman 2011). A loss of 
brainstem-derived serotonin after SCI acutely reduces motoneuron excitability below the 
level of injury that depresses all motor functions (Harvey et al. 2006b; Hounsgaard et al. 
1988; Li et al. 2007; Perrier and Delgado-Lezama 2005). This reduction in activity results 
not only from a loss of supraspinal tracts controlling voluntary initiation of movement but 
also from a loss of descending brainstem tracts that provide spinal motoneurons with their 
major source of neuromodulators, such as serotonin (Carlsson et al. 1963; Rekling et al. 
2000). Weeks after SCI, motoneurons spontaneously recover their excitability despite the 
continued absence of brainstem-derived serotonin (Li et al. 2007; Murray et al. 2010), which 
can lead to uncontrolled and debilitating muscle spasms in both humans (Gorassini et al. 
2004) and rats (Bennett et al. 1999; Li et al. 2004). How motoneurons adapt in the absence 
of brainstem-derived serotonin is unclear, but since constitutively active receptors 
spontaneously couple to their Gq proteins and initiate intracellular signaling without being 
bound to serotonin or any other ligand, an increase of constitutively active receptors is likely 
(Berg et al. 2001; Herrick-Davis et al. 1999b).
RNA1 and RNA2 have been detected both in naïve and injured spinal cord (Kim et al. 2001; 
Schmidt and Jordan 2000), suggesting that the activity of motoneurons could also be 
influenced by 5HT2C pre-mRNA processing which controls the constitutive activity. These 
changes are concomitant with PICs in motoneurons and a change in 5HT2A and 5HT2C 
receptors. Studies of 5HT2C alternations after SCI have focused on the full-length receptor. 
RT-PCR experiments showed that the hypersensitivity of motoneurons and subsequent 
spasticity is caused by an upregulation of 5HT2C_FL_INI (Fouad et al. 2010; Murray et al. 
2010), which shows the highest constitutive activity. ADAR expression is downregulated in 
some models of SCI, possibly reflecting an inflammatory response (Di Narzo et al. 2015). 
Thus, 5HT2C_FL_INI upregulation could be caused by the decrease in ADAR activity (Di 
Narzo et al. 2015), resulting in the loss of 5HT2C_FL_ed. However, a study that relied on 
RNA sequencing, which has more statistical power, observed no difference in editing 
(Navarrett et al. 2012). A detailed time course study using antibodies against the full-length 
receptor showed a steady 1.7 fold upregulation of the 5HT2C_FL receptor 60 days after SCI. 
The extent of these changes correlated well with the clinical scores of tail spasticity in a rat 
SCI model (Ren et al. 2013). In a different SCI model, a change in RNA1/RNA2 ratios has 
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been observed as well, where RNA1 increases after the injury (Nakae et al. 2013). It is thus 
very likely that 5HT2C isoforms and ADAR activity change after SCI, which contributes to 
spasticity, but the exact molecular events are determined by the type, time point and 
localization of the injury.
Suicide
Given the role of 5HT2C in food control and anxiety, associations of genetic variants with 
neurological disorders have been investigated. A polymorphism rs6318 that changes amino 
acids Cys23Ser in the extracellular domain has been associated with suicidal behavior in a 
Serbian and Slovenian (Karanovic et al. 2015; Videtic et al. 2009), but not Chinese 
population (Zhang et al. 2008). The minor allele variant, 23Ser shows a larger surface 
occupancy and altered resensitation (Walstab et al. 2011) and human subjects carrying this 
allele show a larger dopamine release in brain areas responding to stress (Mickey et al. 
2012). Since the variation is located in the N-terminus, it will affect both the truncated and 
full-length receptor isoforms. The analysis of post-mortem tissue also showed that editing 
patterns are altered in brains of suicide victims (Weissmann et al. 2016), (Di Narzo et al. 
2014), (Dracheva et al. 2008; Gurevich et al. 2002b) and the ratio of RNA2 to RNA1 is 
increased in the dorsal prefrontal cortex of suicide subjects (Dracheva et al. 2008). These 
studies demonstrate the role of the 5HT2C in behavior leading to suicide, but since they rely 
on post mortem tissue, the molecular details are obscure. Furthermore, there are quantitative 
differences between the studies, as they rely on post-mortem tissue and use methods of 
different sensitivity, ranging from semi-quantitative RT-PCR to modern RNAseq.
Changes in editing patterns
The editing of the 5HT2C is highly dynamic and changes under physiological conditions, 
such as water maze learning (Du et al. 2007), obesity (Schellekens et al. 2012), and cytokine 
treatment (Yang et al. 2004), generating 5HT2C isoforms with different signaling properties. 
The changes in 5HT2C editing after cytokine treatment could explain depression associated 
with interferon treatment (Yang et al. 2004). Numerous studies identified changes in 5HT2C 
editing under pathophysiological conditions, such as spinal nerve transection in a model of 
neuropathic pain (Uchida et al. 2017) and spinal cord injury (Di Narzo et al. 2015). 
Furthermore, alcohol intake (Watanabe et al. 2014) and treatment with anitdepressants 
changes editing patterns, and in case of antidepressants also expression levels (Barbon et al. 
2011).
The molecular cause for these changes remains speculative. ADAR2 is phosphorylated at its 
N-terminus by an unknown kinase, which is required for its nuclear localization and 
enzymatic activity, mediated by the peptidyl prolyl-isomerase Pin1 (Marcucci et al. 2011). A 
dephosphorylation of ADAR2 leads to its cytosolic accumulation and subsequent 
degradation, which will stop the editing activity, suggesting that signaling pathways can 
modulate RNA editing through ADAR2 phosphorylation.
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IV. Are changes in alternative splicing a possible therapy for 5HT2C related 
disorders?
The central role of the 5HT2C in neuropsychiatric diseases is reflected by the number of 
drugs that were developed to change the activity of the receptor. For example the agonist 
lorcaserin is approved for short term treatment of obesity (Shukla et al. 2015), and 
Vabicaserin is in clinical trials against schizophrenia (Shen et al. 2014). Because of the 
similarities of the serotonin receptors, even drugs like Lorcaserin and Vabicaserin that show 
selectivity for the 5HT2C will also interact with other serotonin receptors. Numerous drugs 
against depression/anxiety (Fluoxetine, Desipramine) target several receptors including 
5HT2C. Since the activity of the 5HT2C receptor system is regulated in large part through 
RNA processing, targeting the 5HT2C pre-mRNA could be an alternative (Figure 3C).
Recently, Nusinersen (Spinraza), an antisense oligonucleotide has been approved as a splice-
site changing drug to treat spinal muscular atrophy (Ottesen 2017), underlining the potential 
of modifying pre-mRNA splicing for therapeutic purposes.
A deregulation of the 5HT2C pre-mRNA splicing is seen in Prader-Willi syndrome, where 
RNA1 is increased (Garfield et al. 2016), likely because the trans-acting factor SNORD115 
that promotes inclusion of exon Vb is absent.
To find oligonucleotides that could substitute SNORD115, an oligo-walk (Singh et al. 2004) 
with reporter genes was performed. In these experiments, oligo#5, binding to the 3′ stem in 
the regulated dsRNA region (Figure 1D) was identified. Oligo#5 strongly promotes exon Vb 
inclusion in cell culture (Zhang et al. 2016), similar to SNORD115. Due the chemistry as a 
2′-O-methyl-monophosphothioate, the oligo is taken up from cells without adjuvans. 
Oligo#5 was then tested in mice, first by intracerebral injection into the 3rd ventricle. There 
is no blood brain barrier between POMC neurons located in the arcuate nucleus and the CSF 
in the ventricles, as the surrounding epithelium is fenestrated (Rodriguez et al. 2010). Thus, 
oligo#5 rapidly accumulates in the neurons of the arcuate nucleus, promotes formation of 
the non-edited full-length receptor 5HT2C_FL_INI and decreases RNA1. POMC mRNA is 
induced and as expected food intake is reduced for about 75%. The oligo has no effect in 
MCR4 knock out mice, but does reduce the food intake in ob/ob mice, showing that it 
targets the POMC/alpha-MSH signaling pathway. Unexpectedly, the oligo crossed the blood 
brain barrier after injection through a carotid catheter and accumulated rapidly in the choroid 
plexus and within several hours in other brain region, including the arcuate nucleus, where it 
increased the RNA2/RNA1 ratio and reduced food intake for up to three days (Zhang et al. 
2016).
The sequence targeted by the oligo is unique in the genome (Figure 1C, D), which is in 
contrast to the highly similar protein sequences of the various 5HT2 receptors. However, to 
allow crossing the blood brain barrier, injection of high dosages are necessary that might 
lead to unspecific responses.
These findings show the principle that 5HT2C pre-mRNA is a drug target and that 
SNORD115 missing in PWS can be functionally substituted using an oligonucleotide. The 
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data also indicate that the ratio between the two 5HT2C proteins: a full-length receptor 
containing exon Vb and a truncated receptor lacking it, is involved in the regulation of food 
intake. Since the full-length receptor heterodimerizes with other transmembrane receptors 
(Schellekens et al. 2015; Schellekens et al. 2013), it is possible that this ratio, controlled by 
the non-methylating SNORD115 contributes to the formation of the complex Prader-Willi 
syndrome by affecting different receptor systems. Since targeting the 5HT2C pre-mRNA has 
a different mechanism of action than targeting the 5HT2C protein with ligands, 
oligonucleotide-based therapies could be used in cases where ligand-based therapies no 
longer work.
Chemical screens identified pyrvinium pamoate as substance that binds the regulated dsRNA 
region and causes a structural change that allows U1 access to the distal splice site, leading 
to exon Vb inclusion. Although pyrvinium pamoate is too toxic to be used in the brain, the 
experiments prove the principle that the 5HT2C pre-mRNA can be targeted by small drugs. 
It is possible that endogenous peptides exist that target the pre-mRNA, but such endogenous 
ligands remained to be identified.
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Figure 1. Gene structure and regulation of the 5HT2C pre-mRNA
A. Gene structure of the serotonin receptor 2C. PS, DS: proximal and distal splice sites. The 
start codon in exon III is indicated by a circle, the two stop codons in exon VI by open and 
filled squares. The blue shaded area forms the dsRNA structure shown in C. The location of 
the miRNAs in intron II is indicated.
B. The exon structure of RNA1 and RNA2 generated through alternative splicing of exon Vb 
is indicated.
C. dsRNA structure formed by exon Vb and Intron V. A–E indicate the sites changed by 
deamination. The binding site for SNORD115 is boxed in orange. Blue nucleotides depict 
the five adenosine residues (A–E) that can be deaminated to inosines. The first two 
nucleotides of the proximal and distal 5′ splice sites (gu) are highlighted in yellow and red.
D. Site of regulation in the ds RNA structure. PLC: phosphor lipase C, IP6: 
hexakisphosphate. HTP: helix threading peptide binding to the central loop (Schirle et al. 
2010), PP: pyrvinium pamoate (Shen et al. 2013); oligo#5: binding site for splice site 
changing oligo, indicated by a yellow line (Zhang et al. 2016). The SNORD116 binding site 
is indicated by an orange box, and adenosines shown in blue indicate the editing sites.
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Figure 2. Proteins generated from the 5HT2C gene
A. Protein sequence of human 5HT2C_tr. The transmembrane spanning helices are 
indicated. The black amino acid marks the C23S polymorphism that is associated with 
suicide.
B. Protein sequence of human 5HT2C_FL receptor. The blue marked amino acids SSV at 
the C-terminus are a PDZ-ligand (Becamel et al. 2004). The amino acids changed through 
RNA editing are shown in red, green and blue and enlarged in panel E.
C. Localization of 5HT2C_tr, which is only associates with internal membranes, likely the 
endoplasmic reticulum (ER), indicated as an orange oval.
D. Localization of the 5HT2C_FL receptors that shuttle between internal membranes, likely 
endoplasmic reticulum (ER, orange) and the plasma membrane.
E. Effect of RNA editing on amino acids encoded by 5HT2C and effect on receptor activity. 
The amino acids changed by editing are highlighted in B. The effect of RNA editing on 
signaling is shown on the right.
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Figure 3. Biological function of 5HT2C isoforms
A. Signaling of 5HT2C in POMC neurons of the arcuate nucleus
The regulated dsRNA structure shown in Figure 1C is indicated schematically in the nucleus 
(red). Yellow and red triangles indicate the proximal and distal splice sites. ADAR and 
SNORD115 promote the formation of the full-length receptor through inclusion of exon Vb. 
The full-length receptor shuttles to the plasma membrane where it is active as a dimer. A 
heterotrimeric G protein containing Gq11 (red star, blue circles) binds to the second 
intracellular loop. The binding affinity of the heterotrimeric G protein is regulated by the 
editing of three amino acids in the second intracellular loop (Figure 2B, E). Gq11 activates 
PLC, leading to the formation of DAG and IP3, which activates c-fos via the ERK pathway. 
C-fos turns on the POMC promoter, and the resulting POMC is processed into alpha MSH, 
which signals to neurons in the paraventricular nucleus generating a satiety signal.
ER: endoplasmic reticulum, q11: Gq11 alpha subunit, PLC: phospholipase C, IP3: inositol 
trisphosphate, PKC: protein kinase C, DAG: diacylglycerol, ERK: extracellular regulated 
kinase, POMC: pro opiomelanocortin, MSH: melanocyte stimulating hormone; MCR4: 
melanocortin receptor 4.
B. Regulation of 5HT2C signaling through heterdimerization of the splicing isoforms
The truncated 5HT2C receptor is localized in intracellular membranes, likely endoplasmic 
reticulum (orange circle). It heterodimerizes with full-length receptors likely through 
interaction of the first transmembrane domains. Thus a high ratio of RNA1 to RNA2 leads to 
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an internalization of full-length receptors, which diminishes signaling. In contrast, a low 
RNA1/RNA2 ratio leads to full-length receptors on the surface and signaling.
C. The 5HT2C pre-mRNA as a therapeutic target
(i) The default splice site selection is usage of the proximal splice site (yellow triangle) due 
to the secondary structure blocking the distal site (red triangle). U1: U1 snRNP, the size of 
the circle indicates the binding strength
(ii) Oligo#5 binds to the intronic part of the dsRNA structure, activating the distal splice site, 
similar to SNORD115 that binds to the exonic part.
(iii) ADAR action also decreases the stability of the dsRNA structure, leading to distal splice 
site activation. Helix-threading peptides block ADAR2 activity in cell free assays, showing 
that this process can also be modified in principle (Schirle et al. 2010).
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